The clinical activities of all-trans retinoic acid in the treatment of acute promyelocytic leukemia, a unique subtype of acute myeloid leukemia, have triggered extensive studies aimed at defining the mechanisms by which this compound induces differentiation of leukemic cells. Recent studies show that hypoxia-inducible factor-1α (HIF-1α) contributes to the differentiation of acute myeloid leukemia cells via transcriptional activity-independent mechanisms. We investigated whether all-trans retinoic acid affects HIF-1α protein and whether this has a role in all-trans retinoic acid-induced differentiation.
Introduction
Retinoic acid and the derivatives (retinoids) are promising anti-cancer agents endowed with both therapeutic and chemopreventive potential. 1 An outstanding example of the use of retinoids is the successful differentiation of leukemic cells induced by all-trans retinoic acid (ATRA) in patients who suffer from acute promyelocytic leukemia (APL), 2 a unique subtype of acute myeloid leukemia (AML), which harbors the chromosome translocation t (15;17) and expresses the fusion protein PML-RARα (for promyelocytic leukemia-retinoic acid receptor α). 3 The important in vitro and in vivo activities of ATRA have triggered extensive studies aimed at defining the mechanisms by which this compound induces differentiation with growth arrest and apoptosis of AML cells. 4 It has been established that pharmacological doses of ATRA induce degradation of the PML-RARα protein, 5 and reverse the dominant-negative effects on functions of the wild type PML and RARα proteins of the PML-RARα oncoprotein, which interacts with transcriptional co-repressors such as the nuclear co-repressor -histone deacetylase complex in an ATRA-sensitive manner, blocking the activation of RARα target genes. 6 ATRA induces gene transcription via RAR/RXR (retinoid X receptor) heterodimer-bound retinoic acid responsive elements that are present in the promoters of retinoid-responsive genes, and ultimately results in the production of proteins that regulate differentiation and induce cell-cycle arrest of leukemic cells. Using unique cellular and transgenic APL models and fastdeveloping molecular genetic, proteomic and functional genomic approaches, many ATRA target genes have been discovered in the past decade. 7, 8 On the other hand, there is increasing evidence to suggest that additional signaling pathways are activated in ATRA-treated cells. These signaling molecules include Stat-proteins, tyrosine kinases, cAMP/protein kinase A, 9 calcium-dependent signaling and mitogenactivated protein kinases. 10 Several transcription factors with their cooperative effects, such as CCAAT/enhancer-binding proteins (C/EBP), Runx1 (originally named acute myeloid leukemia 1, AML1) and PU.1, also exert critical roles in hematopoietic cell differentiation. 11 Dysregulation and/or mutations of these factors have been found in many types of leukemia resulting in differentiation blockage. 12 These transcriptional factors also contribute to ATRA-induced differentiation of AML cells. 13, 14 Hypoxia-inducible factor 1 (HIF-1), composed of the constitutively expressed HIF-1β subunit and the highly regulated HIF-1α subunit, 15 is a master transcriptional regulator in cellular responses to hypoxia, participating in many physiological and pathological processes. 16 Recently, we reported that HIF-1α-stabilizing hypoxia and hypoxia-mimetic agents, such as cobalt chloride (CoCl2) and desferrioxamine, can also cause the differentiation of AML cells in vitro and in vivo. 17, 18 Conditional HIF-1α induction also triggers differentiation of leukemic U937 cells in a transcriptional activity-independent manner. 19 Furthermore, HIF-1α protein can interact with C/EBPα and Runx1 proteins and increase their transcriptional activities. 17, 20, 21 Kim et al. found that Tiron, an antioxidant and non-toxic chelator widely used to alleviate acute metal overload, induces differentiation of human HL-60 leukemic cells through increased expression of HIF-1α. 22 In this study we investigated the effects of ATRA on HIF-1α protein in AML cell lines.
Design and Methods

Cell lines and differentiation assay
The human APL cell line NB4 and the monocytic leukemic cell line U937 were incubated in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA), supplemented with 10% fetal bovine serum (FBS, HyClone, Logan, UT, USA). U937T empty , U937T clone , and U937T pool cells 19 were cultured in RPMI-1640 medium supplemented with 10% FBS, 1 µg/mL of tetracycline and 0.5 µg/mL of puromycin (Sigma-Aldrich). All cell lines were cultured in 5% CO2/95% air in a humidified atmosphere at 37°C. In all experiments, cell viability exceeded 95%, as determined by a trypan-blue exclusion assay. For morphological characterization, cells were collected onto slides by cytospinning (Shandon, Runcorn, UK), stained with Wright's stain and examined by light microscopy (Olympus, BX-51, Tokyo, Japan). The differentiation antigens CD11b and CD14 were measured using fluorescein isothiocyanate (FITC)-labeled anti-CD11b or anti-CD14, with isotype controls, by flow cytometry (Beckman-Coulter, Miami, FL, USA). The nitroblue tetrazolium (NBT) reduction test was performed as previously described.
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Real-time quantitative reverse transcriptase polymerase chain reaction Total cellular RNA was extracted from cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and reverse transcription was performed using the cDNA synthesis kit according to the manufacturer's instructions (Promega, Madison, WI, USA). Real-time quantitative RT-PCR was performed with the double-stranded DNA dye SYBR Green PCR Master Mixture Reagents (Applied Biosystems, Warrington, UK) on an ABI PRISM 7900 system (Perkin-Elmer, Torrance, CA, USA). Data were analyzed as previously reported. 24 The specific primers used for β-actin, HIF-1α, HIF-1β, macrophage (M)-colony-stimulating factor receptor (CSFR), granulocyte (G)-CSFR and granulocytemacrophage (GM)-CSFR have been reported previously. 19 
Short hairpin (sh)RNA design and transfection
Pairs of complementary oligonucleotides against HIF-1α, C/EBPα, Runx1 and PU.1 were synthesized (Invitrogen, Shanghai, China), annealed and ligated into the mammalian expression vector, pSilencer 3.1-H1 neo, according to the manufacturer's instruction (Ambion, Austin, TX, USA). The target sequence for PU.1 was 5'-GAAGATCCGCCTGTACCAG-3'. Other targeted sequences have been described previously. 19, 20 These shRNA-containing vectors and the negative control pSilencer neo vector were transfected into U937 cells and U937T clone cells using the Gene Pulser Xcellt Eukaryotic System (Bio-Rad, Hercules, CA, USA). Forty-eight hours later, 600 µg/mL of G418 (Sigma-Aldrich) were added to select the stably transfected cells.
Western blot
Cell lysates were fractionated on a 10% sodium dodecyl sulfate-polyacrylamide gel and immunoblots were performed with primary antibodies against HIF-1α and HIF-1β (BD Transduction, San José, CA, USA), C/EBPα, Runx1 and PU.1 (Santa Cruz, CA, USA). As necessary, blots were stripped and reprobed with anti-β-actin (Merck, Darmstadt, Germany) or lamin B (Santa Cruz) antibody as a loading control.
Statistical analysis
Student's t-test was used to evaluate differences between treatments. A p value of less than 0.05 was considered statistically significant.
Results
ATRA increases HIF-1α α protein but not its mRNA in leukemic NB4 and U937 cell lines
In order to investigate whether ATRA affects expression and/or stabilization of HIF-1α protein, the AML cell lines NB4 and U937 were treated with increasing concentrations of ATRA for 24 hours, and HIF-1α mRNA and protein levels were assessed, respectively, by real-time quantitative RT-PCR and western blotting. As depicted in Figure 1A , ATRA increased HIF-1α protein in a dose-dependent manner in both cell lines cultured in normal air. A time course analysis in NB4 cells treated with 10 -6 M of ATRA revealed that HIF-1α protein began to be accumulated by 6 hours, reached peak levels at 24 hours, and then gradually decreased after 48 hours. However, ATRA-treated U937 cells showed a time-dependent and lasting increase of HIF-1α protein over the periods tested ( Figure 1B ). ATRA also decreased HIF-1β protein, which is essential for the transcriptional activity of HIF-1α, 15 in dose-and time-dependent manners in NB4 cells but not in U937 cells ( Figure 1A and B). Of note, ATRA failed to change the levels of HIF-1α and HIF-1β mRNA in either NB4 or U937 cells ( Figure 1B ).
Suppression of HIF-1α α expression by shRNA partially but significantly blocks ATRA-induced differentiation of myeloid leukemic cells
The ability of ATRA to induce differentation was more potent in NB4 cells than in U937 cells ( Figure 1A and data not shown). In line with this, HIF-1α protein was accumulated to a greater extent in NB4 cells than in U937 cells exposed to the same concentrations of ATRA ( Figure 1A ). Furthermore, 10 -7 M and especially 10 -6 M of ATRA induced greater differentiation and HIF-1α protein-accumulating effects than 10 -8 M of ATRA in these two cell lines ( Figure 1A ). This consistency between HIF-1α accumulation and induction of differentiation led us to investigate whether HIF-1α accumulation also contributes to ATRA-induced myeloid cell differentiation. We, therefore, transfected U937 cells with two pairs of shRNA specifically targeting HIF-1α (shR-α14 and shR-α16) and a negative control (NC) shRNA. shR-α14 and shR-α16, but not the negative control, significantly eliminated ATRA-stabilized HIF-1a protein but failed to affect HIF-1β expression (Figure 2A ). Under the interference of these specific shRNA, the differentiation of U937 induced by 10 -6 M of ATRA was partially inhibited (Figure 2B and C). As previously reported, 25, 26 ATRA treatment up-regulated M-CSFR and G-CSFR, but not GM-CSFR, M expression. More interestingly, the suppression of HIF-1α expression by its specific shRNA greatly inhibited the M-CSFR expression induced by ATRA ( Figure 2D ).
ATRA enhances inducible HIF-1α α protein-triggered differentiation of leukemic cells
As reported previously, 19 conditional HIF-1α induction triggers differentiation of transformed U937T myeloid leukemic cells, including U937T
clone and U937T pool , in which HIF-1α is induced by the withdrawal of tetracycline from the cell cultures. A low concentration (10 -8 M) of ATRA also significantly increased the accumulation of HIF-1α protein induced by tetracycline withdrawal in both U937T
clone and U937T pool ( Figure 3A ). Of note, the levels of HIF-1β protein remained stable during these treatments. As expected, 10 -8 M of ATRA also significantly enhanced conditional HIF-1α induction-triggered differentiation, as assessed by morphological features (Figure 3B) , and significantly increased CD11b + % ( Figure 3C ) and M-CSFR mRNA expression ( Figure 3D ) in these two transformed cell lines.
ATRA and CoCl2 cooperate to accumulate HIF-1α α protein and induce differentiation in leukemic cells
We also investigated whether ATRA enhances the HIF-1α stabilization induced by hypoxia-mimetic agents. For this purpose, NB4 and U937 cells were treated with 10 -8 M of ATRA together with 50 µM of CoCl2. This low concentration of ATRA did increase the levels of CoCl2 -stabilized HIF-1α protein in NB4 and U937 cells ( Figure 4A ). It is worth noting that CoCl2 could rescue the decreased expression of HIF-1β protein induced by ATRA in NB4 cells ( Figure 4A ). Furthermore, a single administration of 50 µM of CoCl2 or 10 -8 M of ATRA induced these two cell lines to undergo differentiation to a degree consistent with previous reports. 27, 28 Combined treatment with these two agents obviously enhanced differentiation of NB4 and U937 cells ( Figure 4B ). The combined treatment also cooperatively induced expression of M-CSFR but not G-CSFR or GM-CSFR mRNA ( Figure 4C ). Although CoCl2 did not increase the NBT response, it significantly enhanced the percentage of ATRAinduced NBT-positive NB4 cells ( Figure 4D ). Specific interference of C/EBPα α, Runx1 and PU.1 significantly reduced HIF-1α α-triggered differentiation and its cooperation with ATRA As mentioned above, C/EBP, Runx1 and PU.1 play important roles in hematopoietic cell differentiation and ATRA-induced differentiation of AML cells. 13, 14 Furthermore, we previously showed that HIF-1α protein can physically interact with and enhance the transcriptional activity of C/EBPα 17, 21 and Runx1. 20 Therefore, although conditional HIF-1α expression and CoCl2 treatment failed to change the levels of these proteins regardless of the presence of 10 -8 M ATRA ( Figure 3A and 4A) , we still attempted to understand the potential role of these transcriptional factors in the cooperative differentiation-inducing effect of HIF-1α with ATRA. To this purpose, shRNA specifically targeting PU.1, Runx1 and C/EBPα (named shR-P3, shR-A2 and shR-C2, respectively) were transfected into leukemic U937T clone cells. An empty vector was transfected as a negative control. These shRNA effectively knocked down expression of their cognate targeted genes ( Figure 5A) . The cells were then incubated with or without 10 -8 M of ATRA for 3 days in the presence or absence of tetracycline. As depicted in Figure  5B , the suppression of expression of all three transcriptional factors (PU.1, Runx1 and C/EBPα) also partially blocked inducible HIF-1α expression-triggered myeloid cell differentiation. More intriguingly, the differentiation induced by the cooperation of ATRA and HIF-1α was also significantly inhibited by the suppression of expression of these hematopoietic transcriptional factors. 
Discussion
As well documented, 15 the overall activity of HIF-1 is determined by the level of intracellular HIF-1α. In the past decade, the mechanisms of HIF-1α regulation have become a field of intense research and much information concerning it has been gained. In this study, we show that differentiation-inducing concentrations of ATRA rapidly increase HIF-1α protein but not its mRNA during the induced differentiation of both NB4 and U937 cells. ATRA also significantly increased the accumulation of HIF-1α protein induced by tetracycline withdrawal in engineered U937 cells, in which expression of HIF-1α mRNA was not under the control of the endogenous promoter of HIF-1α gene. Of note, NB4 and U937 cells presented different dynamic courses of changes in HIF-1α protein levels: the increase of HIF-1α protein was rapid but transitory in ATRA-treated NB4 cells, while ATRA induced a lasting increase of HIF-1α protein in U937 cells. All these observations indicate that ATRA accumulates HIF-1α protein via a post-transcriptional or translational mechanism. To date, several post-translational modifications of HIF-1α have been identified as regulating HIF-1 stability and activity, among which the most significant finding is the regulation by oxygen tension-dependent hydroxylation. Under normoxic conditions, proline residues 402 and 564 in the oxygen-dependent degradation domain of HIF-1α are hydroxylated by oxygen-activated HIF prolyl hydroxylases. This hydroxylation pushes HIF-1α toward ubiquitylation by E3 ubiquitin protein ligase von Hippel-Lindau tumor suppressor protein.
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Ubiquitinylated HIF-1α is then rapidly degraded by proteasomes. Under hypoxic or hypoxia-mimetic conditions, HIF-1α protein accumulates thanks to the significantly reduced enzymatic activities of the prolyl hydroxylases. In addition, acetylation of a lysine residue (Lys532) by ARD1 acetyl transferase also enhances the binding of HIF-1α to von Hippel-Lindau protein and its subsequent degradation. 30 The S-nitrosylation of the HIF-1α protein at Cys533 in the oxygen-dependent degradation domain also prevents its destruction. 31 Moreover, sentrin/SUMO-specific protease1 (SENP1) plays a key role in the regulation of HIF1α stability. 32 Although the effects of ATRA on the production of nitric oxide, a donor for nitrosylation, are controversial, 33, 34 we still investigated whether the S-nitrosylation or deSUMOylation of HIF-1α protein contributes to the ATRA-induced increase of HIF-1α protein. We found that L-NAME and 1400W, potent inhibitors of nitric oxide synthases, 31 failed to inhibit the ATRA-induced increase of HIF-1α protein in complete culture medium, while SENP1 expression was slightly upregulated during ATRA treatment (data not shown). It, therefore, remains to be determined how ATRA stabilizes HIF-1α protein through influencing these post-translational mechanisms.
In this study we focused on investigating whether increased HIF-1α levels contribute to ATRA-induced differentiation of AML cells. Although some reports have suggested that U937 cells are unable to exhibit granulocytic differentiation, 14, 35 this cell line has been employed to investigate the mechanism of ATRAinduced differentiation in many studies. [36] [37] [38] [39] [40] [41] The benefit of U937 cells is that they are easy to manipulate genetically, for example by RNA interference and overexpression of genes of interest. Based on these considerations, we chose U937 cells as a model to investigate the mechanism of ATRA-induced differentiation. Our results showed that suppression of HIF-1α expression by specific shRNA partially but significantly inhibited ATRA-induced differentiation of U937 cells. Reciprocally, the differentiation-inducing effect of a low dose of ATRA was significantly enhanced in the presence of conditional HIF-1α induction in transfected leukemic U937T cells, suggesting that ATRA and HIF-1α protein co-operate in terms of differentiation induction. This notion is supported by the facts that CoCl2 potentiated ATRA-induced differentiation of leukemic NB4 and U937 cells, and that this was concomitant with the enhancement of CoCl2-induced accumulation of HIF-1α protein by ATRA. All these results indicate that HIF-1α protein exerts a role in the ATRA-induced differentiation of AML cells. Together with previous findings, 17, 19, 22, 27 these results also suggest that HIF-1α protein may play a common role in leukemic cell differentiation. In line with this, dysregulated expression or genetic alterations of HIF-1 have been found in some AML. 42, 43 It should be pointed out that phorbol-12-myristate 13-acetate (PMA) was reported to induce increased HIF-1α protein synthesis, but was dispensable in PMA-induced macrophage differentiation of leukemic THP1 cells. 44, 45 This discrepancy supported the previous conclusion that different transcriptional factors or signaling molecules are involved in myeloid differentiation. 46 In a previous study we showed that the role of HIF-1α protein in myeloid cell differentiation is independent of its transcriptional activity, because the knockdown of expression of HIF-1β failed to affect HIF-1α-mediated differentiation; 19 HIF-1α protein interacts physically with and enhances the transcriptional activity of C/EBPα and Runx1 proteins and these interactions in turn inhibit the transcriptional activity of HIF-1. 20, 21 The roles of C/EBPα, Runx1 and PU.1 in hematopoiesis have been widely investigated. For example, conditioned expression of PU.1 in human APL cells was sufficient to trigger neutrophil differentiation, whereas a reduction of PU.1 caused by shRNA blocked ATRA-induced neutrophil differentiation. 14 Here we showed that suppression of expression of C/EBPα, Runx1 and PU.1 greatly inhibited HIF-1α-induced differentiation and its cooperative effects with ATRA. Combined with our previous findings, 20, 21 our results suggest that HIF-1α protein can act as an adaptor protein that recruits C/EBPα, Runx1 and/or PU.1 into promoters of differentiation-related target genes. Interestingly, HIF-1β and C/EBPα compete with each other for direct binding to HIF-1α protein. 21 More intriguingly, ATRA also decreased HIF-1β protein in dose-and time-dependent manners in NB4 cells, but not in U937 cells. This could partially explain why
